Samples were taken from the Winsford salt mine in Cheshire, England, which exploits bedded deposits from the Triassic Period (195-225 million years ago, MYA) and from Boulby potash mine in Cleveland, England, which is Permian (225-270 MYA) and is mined for the mineral sylvite (KC1). Halobacteria and obligately halophilic eubacteria were isolated from several different sample types. The halobacteria were characterized by chemotaxonomic methods and most but not all were shown to be very similar but not identical to those halobacterial types that dominate in highly concentrated surface brines. There was a high degree of similarity between the two mine populations, but some strains were particular to each mine.
Introduction
Archaeal halophiles (halobacteria) are a unique group of micro-organisms which make up the dominant microbial populations of hypersaline waters ( > 15 YO, w/v, NaCl) such as salt lakes and solar salterns (Grant & Ross, 1986; Grant & Larsen, 1989; Tindall & Triiper, 1986) . Salt deposits are the relics of ancient hypersaline evaporitic environments now buried, crystallized from brines that presumably supported dense populations of halobacteria. We have investigated whether halobacteria could inhabit salt mines.
The rock salt mine operated by Imperial Chemical Industries (ICI) at Winsford in Cheshire, England, has many miles of underground workings formed by over a century of cutting and blasting (Longley-Cook, 1989) . The current mining operation is at a depth of about 170 m, producing halite for deicing roads. The Winsford deposit is a bedded salt of the Triassic period though its exact age is unknown. It probably has not been deeply buried or strongly heated and retains regions of unaltered primary crystalline structure (Evans et al., 1968; Roedder, 1984) . The mine's ventilation circuit includes a dewatering stage. Surface air (up to 10000 m3 min-') is drawn through a network of disused tunnels in which water vapour condenses in shallow brine pools (pH 5.8-7.0) cold (13 "C on average) throughout the year. The halite of the tunnel walls is moist and covered in efflorescences of recrystallized salt. Overlaying the saliferous series is a layer of brine, which wells up to the surface in a few localities in Cheshire forming brine springs and pools.
Permian (225-270 MYA) salt is exploited at Boulby, Cleveland, England, by Cleveland Potash Ltd for the mineral sylvite (KCl), which is used in the fertilizer industry. The Boulby mine has only been worked since 1973 and differs from the Winsford mine in many respects. It is much deeper (1200 m) and as a consequence is hotter (40-42 "C). Deep burial has led to extensive mineralogical change, though there are areas in which little alteration has taken place (Woods, 1979) . Small amounts of brine present in Boulby salt mine either originate from within the salt strata or are derived from water percolating from the Upper Bunter Sandstone. There are no known surface brine pools in Cleveland.
Methods
Sampling and enrichment. At Winsford, brine and recrystallized salt sludges from the pools, wall efflorescences and moist surface crystals from tunnel walls were sampled. Halite samples were obtained from the working faces. At Boulby, various samples of halite (NaC1) and 'potash' (NaCI and KCl) were taken as well as samples from brine pools and efflorescences. In Cheshire, a surface brine pool (Lower Wych) and soil from two dry saline springs (Higher Wych and Hassall Green) were sampled. ICI also exploits the same halite formation a short distance away from Winsford at Lostock, where solution mining is used to recover NaCI. Samples of brine brought to the surface at this site were made available for analysis.
Liquid samples were collected by pipette into sterile Universal vials. Sludges/efflorescences were removed with sterile wooden tongue depressors and collected in sterile plastic bags. These samples were taken to a laboratory separate from the area in which halophile PG, PGP, unidentified glycolipid c20,c20
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research is normally carried out, and enrichment cultures and viable counts were performed using a 3.5 M-NaCI medium (Norton & Grant, 1988) . Small fragments (2-5 g) of rock salt newly exposed by blasting were selected and dropped into vials of absolute alcohol for surface decontamination and transport to the laboratory (4-5 h). The salt fragments were then transferred aseptically to Universal vials containing 10 ml enrichment broth and incubated with shaking at 37 "C for 2!-3 weeks.
The efficacy of the surface sterilization procedure was established by incorporating orange-pigmented halobacteria into halite crystals, placing &5 mm crystals into thick suspensions of pink-pigmented halobacteria in growth medium containing 4.5 M-NaCl for 4 h and then transferring these crystals to vials of absolute alcohol (Norton & Grant, 1988) . Experiments were also carried out with crystals sterilized overnight at 160 "C. Following immersion in ethanol for 2 h, only unheated crystals yielded halobacteria and these halobacteria were orange-pigmented.
Polar lipid analysis.
Phospholipids and glycolipids were isolated and characterized by standard methods (Lanzotti et al., 1988 (Lanzotti et al., , 1989 .
DNA hybridization. Early stationary-phase cells (5-6 g wet wt) were suspended in 5 ml 25 % (w/v) NaCl containing 2 % MgSO,. 7H20 at 4 "C and lysed by addition of 0.5 ml 2% (w/v) sodium deoxycholate. DNA was extracted with TE-saturated phenol, spooled on glass rods, and treated with ribonuclease (Boehringer) and proteinase K as described by Tindall et al. (1984) . DNA:DNA homologies were cietermined using a modified S1 nuclease method (Crosa et at., 1979; Tindall et al., 1984) and nick-translation (Amersham). Hybridizations were carried out at 67 "C for 16 h.
Results and Discussion
Spreads of brines and moist salts diluted/dissolved in rnedia produced diverse populations after incubation at 37 "C for 2-3 weeks. Colonies were presumed halobacteria if they had red bacterioruberin pigmentation or eubacteria if white or cream coloured. These assignments were confirmed by lipid analyses . Eubacteria predominated in brine pools at Winsford mine (80-90% of colonies in viable counts) and in surface sites, while mine efflorescences and other moist salts from Winsford had roughly equal numbers of both types. Solution mining brine from Lostock yielded only halobacteria, as did all Boulby samples. Enrichments from all of these sites in liquid media invariably became dominated by halobacteria. Viable counts of Winsford brines ranged from 5 x lo5 to 2 x lo6 c.f.u. ml-I. Efflorescences and moist salts yielded 4 x lo4 to 4 x lo5 c.f.u. g-'. Plates incubated at 12 "C produced similar counts after a longer incubation (3-4 months). Viable counts of Boulby brines ranged from 2 x lo2 to 5 x lo6 c.f.u. ml-' depending on site, and Lostock solution mining brine yielded 2.7 x lo3 c.f.u. ml-l.
With the exception of isolates resembling Halococcus spp., all strains tested required at least 1.7 M-NaCl for growth, most needing a minimum of 2.6 M-NaCl in the medium.
Forty-six red colonies were randomly selected from spreads of Winsford and Boulby brine pools and efflorescences, Lostock solution mining brine and surface brine pools. In addition, rock salt enrichments gave rise to seven red isolates from Winsford and one from Boulby, with approximately one positive enrichment per 500 g of rock salt inoculum (Table 1) .
Halobacteria are currently classified into six genera and three other unnamed groups based on polar lipid patterns (Grant & Larsen, 1989) . Polar lipid analysis Lipid abbreviations : PG, phosphatidylglycerol; PGP, phosphatidylglycerol phosphate; PGS, phosphatidylglycerol sulphate ; S-DGD-1, sulphated mannosylglucosylglycerol diether; S-TGD-1, sulphated triglycosyl diether; S-TeGD, sulphated tetraglycosyl diether ; TGD-2, galactosylmannosylglucosyl diether; G-1, G-2, unidentified glycolipids. The presence of C,,,C,, derivatives, in addition to C,,,C,, core lipids, is indicated by the presence of a double-spot PG. The lipids were run in two dimensions as indicated by the arrows, using the method of Ross et al. (1985) . Fig. 1 ) placed the mine halobacteria isolates common to both mines as biotypes in three of these nine groups. Twenty-five isolates, including three rock :salt isolates, resemble the organism Halobacterium saccharovorum NCMB 208 1 which is currently considered a species incertae sedis (Grant & Larsen, 1989) and was originally isolated from a San Francisco saltern (Tomlinson & Hochstein, 1976) . TLC analyses (Fig. 1 a) indicate that these possess diphytanyl (C2,,C2,) derivatives of phosphatidylglycerol (PG), phosphatidylglycerol phosphate (PGP), phosphatidylglycerol sulphate (PGS) and a sulphated mannosylglucosylglycerol diether (S-DGD-1) (Lanzotti et al., 1988) . The polar lipids of this group of strains co-chromatograph with those of H. saccharovorum .
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Sixteen isolates, including four rock salt strains, have polar lipids that co-chromatograph with lipids from representatives of the genus Haloarcula (Fig. 1 b) . These isolates possess C2,,C2, derivatives of PG, PGP, PGS and a characteristic galactosylmannosylglucosylglycerol diether (TGD-2) (Grant & Larsen, 1989) . Three isolates, all derived from brines or brine salt sludges, have polar lipids identical to those of Halobacterium salinarium CCM 2090 (Fig. lc) . These isolates have C20,C20 derivatives of PG, PGP, PGS, a sulphated galactosylmannosylglucosylglycerol diether (S-TGD-1) and a sulphated tetraglycosylglycerol diether (S-TeGD) (Grant & Larsen, 1989) . These mine halobacteria are typical of the halobacteria that become dominant near saturation in salterns and the relative frequency of isolation of these types matches that reported in saturated salterns (Rodriguez-Valera et al., 1985) .
Isolates with characteristic coccoid morphologies and polar lipid patterns typical of Halococcus spp. (C2,,C2, and C20,C25 derivatives of PG, PGP, TGD-2 and S-DGD-1) were found in surface brine pools and solution mining brine (Fig. 1 d) . Unlike other halobacteria, Halococcus spp. are able to withstand the lower salt concentrations (Rodriguez-Valera et al., 1979) that would periodically be typical of these particular environments. No other types of halobacteria have yet been isolated from the surface brine pools in Cheshire.
Particular to Winsford mine were four isolates with C2,,C2, derivatives of PG, PGP and PGS and no glycolipids (profile i) (Fig. 1 e) . Two isolates from Boulby had both C2,,C2, and C20,C25 derivatives of these three phospholipids (profile ii) (Fig. If>. An additional strain was isolated from a Boulby 'potash' sample which had C2,,C2, derivatives of PG, PGP and two unidentified glycolipids (profile iii) (Fig. lg) . To date, these polar lipid profiles have not been described for any halobacterium from a typical surface site such as a salt lake or solar saltern.
DNA: DNA homology studies on a small number of strains from Winsford (Table 2) indicate limited homologies between salt mine isolates and representative strains from the same polar lipid group. These homology values are comparable to those used to define a different species within a group . In addition, isolate 54R, a saccharovorum type, does not react significantly with antisera prepared against H. saccharovorum NCMB 2081 (E. Conway de Macario, personal communication; Conway de Macario et al., 1986a, b) .
There are early reports of bacteria recovered from mineral salt and brine springs (Dombrowski, 1963 ; Reiser & Tasch, 1960) , published before the halobacteria were recognized as a specific taxonomic group highly adapted to the hypersaline environment. Careful reading provides no evidence that organisms other than eubacteria were recovered in these experiments and it is difficult to rigorously exclude the possibility of contamination by ubiquitous halotolerant surface types.
Our work differs from that of previous investigators in documenting a substantial and obligately halophilic bacterial flora in situ. There are two tenable hypotheses to explain the source of these bacterial populations, particularly the halobacterial population -either the organisms have been introduced from surface sources, or they are the descendants of an ancient population entrapped when the beds were formed.
Salt has been mined at Winsford since 1844 and at Boulby since 1973, and it is arguable that halobacteria in the mines are not a consequence of contamination, because there has been no typical surface environment for halobacteria in North Europe in recent geological time and halobacteria, except Halococcus spp., rapidly lose viability in growth media containing less than 1.5 MNaCl. Small crystals of wind-blow salt containing viable halobacteria could conceivably have seeded the mines, but the wide diversity of halobacteria isolated, together with the recent opening of Boulby mine, makes this less than certain.
We have previously established that halobacteria become entrapped within the fluid inclusions of salt crystals grown in vitro, surviving for several years (Norton & Grant, 1988) . Cells are also commonly visible within fluid inclusions in salt crystals formed in salterns and salt lakes (Norton & Grant, 1988) . These observations provide a conceptual basis with which to understand our finding that viable halobacteria are to be found with rarity within halite crystals from the salt deposits. The organisms in the brine pools may thus be derived from the rock salt, or vice versa.
We believe that the long-term survival of populations originally entrapped when the salts formed 200 or 230 million years ago is at least a tenable hypothesis for the presence of these archaea within the mines. We are not in a position to answer the profoundly interesting question of what roles processes such as very slow growth rates and/or extremely long dormancy periods might contribute to long-term survival.
